Adverse left ventricular (LV) remodeling after myocardial infarction (MI) is a major cause for heart failure. Molecular modifiers of the remodeling process remain poorly defined. Patients with heart failure after MI have reduced LV expression levels of muscle LIM protein (MLP), a component of the sarcomeric Z-disk that is involved in the integration of stress signals in cardiomyocytes. By using heterozygous MLP mutant (MLP ؉/؊ ) mice, we explored the role of MLP in post-MI remodeling. LV dimensions and function were similar in sham-operated WT and MLP ؉/؊ mice. After MI, however, MLP ؉/؊ mice displayed more pronounced LV dilatation and systolic dysfunction and decreased survival compared with WT mice, indicating that reduced MLP levels predispose to adverse LV remodeling. LV dilatation in MLP ؉/؊ mice was associated with reduced thickening but enhanced elongation of cardiomyocytes. Activation of the stress-responsive, prohypertrophic calcineurinnuclear factor of activated T-cells (NFAT) signaling pathway was reduced in MLP ؉/؊ mice after MI, as shown by a blunted transcriptional activation of NFAT in cardiomyocytes isolated from MLP ؉/؊ ͞NFAT-luciferase reporter gene transgenic mice. Calcineurin was colocalized with MLP at the Z-disk in WT mice but was displaced from the Z-disk in MLP ؉/؊ mice, indicating that MLP is essential for calcineurin anchorage to the Z-disk. In vitro assays in cardiomyocytes with down-regulated MLP confirmed that MLP is required for stress-induced calcineurin-NFAT activation. Our study reveals a link between the stress sensor MLP and the calcineurin-NFAT pathway at the sarcomeric Z-disk in cardiomyocytes and indicates that reduced MLP-calcineurin signaling predisposes to adverse remodeling after MI.
C
hronic heart failure is a worldwide epidemic. Recently, a fundamental shift in the underlying etiology of heart failure has occurred, in which the most common cause of heart failure is no longer hypertension or valvular disease, but myocardial infarction (MI) (1) . MI induces profound alterations of left ventricular (LV) architecture with scar formation, ventricular dilatation, and hypertrophy of the noninfarcted (remote) myocardium (2) . Biomechanical stress and humoral growth factors are important mediators of this remodeling process (3, 4) . At the level of the single cardiomyocyte, post-MI LV remodeling is characterized by increases in cell diameter and cell length and alterations in gene expression levels (5) (6) (7) .
The Z-disk is a multiprotein complex located at the interface of the cytoskeleton, the contractile apparatus, and the sarcolemma in cardiomyocytes (8) . Muscle LIM protein (MLP), which is tethered to the Z-disk via its interacting partners, ␣-actinin and telethonin, has been proposed to be an essential part of the mechanical stretch sensor machinery (9) and to be involved in the transmission of humoral growth signals in cardiomyocytes (10) . Intriguingly, myocardial MLP levels are reduced by Ϸ50% in patients with heart failure after MI (11) . However, the functional significance of this observation is not clear (12) . Moreover, the downstream effector pathways activated by MLP have remained elusive. Interestingly, the Ca 2ϩ ͞calmodulin-dependent phosphatase calcineurin, which has a major impact on cardiomyocyte growth and gene expression by promoting dephosphorylation and nuclear translocation of nuclear factor of activated T cells (NFAT) transcription factors (13) , forms a trimeric complex with ␣-actinin and calsarcin-1 at the Z-disk, suggesting a close proximity between MLP and calcineurin (14) .
By using heterozygous MLP mutant (MLP ϩ/Ϫ ) mice, which display no apparent phenotype at baseline, we explored the signaling pathways downstream of MLP and the impact of MLP on post-MI remodeling.
Materials and Methods
Experimental Animals. Generation and PCR genotyping of MLP mutant mice have been described (15) . For in vivo assessments of NFAT transcriptional activity, MLP ϩ/Ϫ mice were crossed with NFAT-luciferase reporter gene transgenic (NFAT-Luc-tg) mice (16) . MI was induced during propofol (10 mg͞kg, i.v.) and enflurane (4%) anesthesia by permanent coronary artery ligation in 8-to 12-week-old WT (MLP ϩ/ϩ ), MLP ϩ/Ϫ , MLP ϩ/ϩ ͞ NFAT-Luc-tg, and MLP ϩ/Ϫ ͞NFAT-Luc-tg mice. Control mice underwent a sham operation. Unless otherwise stated, mice were analyzed 6 weeks after surgery. All animal procedures were approved by government authorities.
Echocardiography and Left Heart Catheterization. Transthoracic echocardiography was performed with a linear 15-MHz transducer (ATL HDI 5000 CV, Bothell, WA) (17). Short-axis 2D images and M-mode tracings were recorded and analyzed by a sample-blinded investigator (A.S.) at the papillary muscle level in mice sedated with ketamine (50 mg͞kg, i.p.) and xylazine (5 mg͞kg, i.p.). LV ejection fraction was calculated as [(LVEDA Ϫ LVESA)͞LVEDA] ϫ 100, where LVEDA and LVESA denote LV end-diastolic and end-systolic areas, respectively (18) . LV hemodynamics were recorded and analyzed by a sample-blinded investigator (H.R.) by using a 1.4 F micromanometer conductance catheter (SPR-7129, Millar Instruments, Houston) inserted via the right carotid artery during enflurane (4%) anesthesia (19) . Steady-state LV pressure and conductance data were sampled at a rate of 1 kHz. LV ejection fraction was calculated as [(LVEDV Ϫ LVESV)͞LVEDV] ϫ 100, where LVEDV and LVESV denote LV end-diastolic and end-systolic volumes, respectively.
Histological Analysis. Left ventricles were cut into three transverse slices; the apical and basal slices were snap-frozen in liquid N 2 and stored at Ϫ80°C for later isolation of RNA and protein.
Cryosections were prepared from the middle slice. Myocardial infarct sizes were determined by planimetry in three cryosections stained with hematoxylin͞eosin and expressed as [%] of LV circumference (20) .
Immunostaining. Expression patterns of MLP, calcineurin, calsarcin-1, and ␣-actinin were determined by immunostaining and confocal laser scanning microscopy. Generation of the polyclonal antibody against rat MLP has been described (21) . mAbs against the calcineurin A-subunit and calsarcin-1 were obtained from BD Transduction Laboratories, San Diego. A mAb directed against ␣-actinin and FITC-or tetramethylrhodamine B isothiocyanate-coupled secondary antibodies were purchased from Sigma.
Cardiomyocyte Isolation. LV cardiomyocytes were isolated by collagenase digestion 3 weeks (for luciferase measurements) or 6 weeks (for morphometry) after sham operation or MI (22) . Luciferase activities were determined as described (16) . For morphometric measurements, myocytes were suspended in 30 mM KCl for relaxation and subsequently fixed in 2% glutaraldehyde. Cell length and width were determined by phasecontrast microscopy and a digital image analyzer (23) .
RNA Dot Blot Analysis. Total RNA was extracted from the remote LV by the TRIzol reagent (Invitrogen). Expression levels of atrial natriuretic peptide, B-type natriuretic peptide (BNP), skeletal ␣-actin, ␣-myosin heavy chain (␣-MHC), ␤-MHC, sarco(endo)plasmic reticulum Ca 2ϩ ATPase-2, phospholamban, the exon 4 variant of modulatory calcineurin-interacting protein-1 (MCIP1), and ␤-actin were determined by mRNA dot-blot analysis using 32 P-labeled cDNA probes (available on request).
Immunoblotting. Protein expression levels were determined by immunoblotting using antibodies directed against extracellular signal-regulated kinases 1 and 2 (ERK1 and ERK2), phospho-ERK1͞ERK2 (Thr-202͞Tyr-204), protein kinase B (Akt1), Ser-473-phospho-Akt1, glycogen synthase kinase (GSK)-3␤, and Ser-9-phospho-GSK3␤ from Cell Signaling Technology (Beverly, MA), antibodies directed against calcineurin A and calsarcin-1 from BD Transduction Laboratories, and the polyclonal anti-MLP antibody.
Immunoprecipitation. Calcineurin-A was immunoprecipitated from LV tissue lysates by using a polyclonal anti-calcineurin A antibody from Chemicon and protein A agarose (Invitrogen).
Precipitates were washed with PBS, boiled, subjected to SDS͞PAGE, and transferred to nitrocellulose membranes. Membranes were immunoblotted with the polyclonal anti-MLP antibody.
Cardiomyocyte Culture. Ventricular cardiomyocytes were isolated from 1-to 3-day-old Sprague-Dawley rats as described (23) . Cells were plated overnight in gelatin-coated culture dishes (Nunc) or silicone elastomer plates (Bioflex, Flexcell International, McKeesport, PA) in DMEM͞medium 199 (4:1), supplemented with 10% horse serum, 5% FCS, glutamine, and antibiotics. The next morning, myocytes were switched to DMEM͞ medium 199 supplemented only with glutamine and antibiotics.
Transfection with Plasmid Vectors and Antisense Oligonucleotides. A calcium phosphate procedure was used to transfect cardiomyocytes with p3xNFAT-GL, a luciferase reporter plasmid driven by three NFAT-binding sites (24) . Cardiomyocytes were cotransfected with an antisense oligonucleotide (AS4) directed against the ATG translation start site of rat MLP mRNA to specifically down-regulate MLP protein expression levels. Transfection of cardiomyocytes with AS4 (0.5 M) down-regulates MLP protein expression by Ϸ50% (10). A corresponding scrambled oligonucleotide, which does not suppress MLP expression levels (10), served as a negative control. Twenty-four hours after transfection, cells were stimulated with endothelin-1 (Sigma) or subjected to continuous cycles of stretch and relaxation (0.5 Hz, 15% radial stretch) by using the Flexercell Strain Unit FX-3000 (Flexcell). Luciferase activities were measured by using a Lumat LB 9501 luminometer (Berthold, Nashua, NH) (24).
Statistical Analysis. Data are presented as mean Ϯ SEM. Differences between groups were analyzed by one-way ANOVA followed by Student-Newman-Keuls post hoc test. Post-MI survival was analyzed by the log-rank test. A two-tailed P value Ͻ 0.05 was considered to indicate statistical significance.
Results
Reduced Myocardial MLP Expression Levels in MLP ؉/؊ Mice. First, we established that MLP ϩ/Ϫ mice can be used to study post-MI remodeling in the context of low MLP expression levels ( Fig. 1) . After a sham operation, MLP ϩ/Ϫ mice had 61 Ϯ 7% lower MLP protein levels as compared with WT mice. MLP levels increased in the remote LV both in WT and MLP ϩ/Ϫ mice after MI (2.0 Ϯ 0.1-fold and 1.7 Ϯ 0.2-fold, respectively). MLP expression levels in the remote LV were 68 Ϯ 8% lower in MLP ϩ/Ϫ as compared with WT mice. In contrast to MLP, expression levels of the Z-disk protein ␣-actinin were not induced after MI and did not differ between WT and MLP ϩ/Ϫ mice ( Fig. 1 and data not shown).
Adverse LV Remodeling and Increased Mortality in MLP ؉/؊ Mice After MI. Functional adaptation after MI was determined by echocardiography ( Fig. 2 A and B) and LV pressure-conductance catheterization ( Fig. 2 C and D) . After a sham operation, LV diameters and systolic or diastolic functional indices were not significantly different between WT and MLP ϩ/Ϫ mice ( Fig. 2  A-D) . Mean infarct sizes were comparable in WT and MLP ϩ/Ϫ mice undergoing echocardiography (31 Ϯ 3% vs. 33 Ϯ 3%) and LV catheterization (33 Ϯ 3% vs. 30 Ϯ 2%). With these moderate infarct sizes, WT mice developed some degree of LV dilatation but did not show signs of LV failure [no significant increases in LV end-diastolic pressure, right ventricular weights, or lung weights ( Fig. 2D and data not shown) ]. MLP ϩ/Ϫ mice developed more pronounced LV dilatation and had a significantly worse LV sham-operated WT mice; #, P Ͻ 0.01 vs. infarcted WT mice. ejection fraction after MI as compared with WT mice (Fig. 2  A-D) . LV and right ventricular to body weight ratios were not significantly different between WT and MLP ϩ/Ϫ mice after a sham operation or after MI (Fig. 2D) . The 6-week mortality rate after MI was significantly increased in MLP ϩ/Ϫ mice as compared with WT mice (Fig. 2E) ; no sham-operated WT or MLP ϩ/Ϫ mouse died during the same observation period.
Cardiomyocyte Morphology and Gene Expression After MI. To explore the cellular basis for adverse post-MI remodeling in MLP ϩ/Ϫ mice, LV cardiomyocytes were isolated from WT and MLP ϩ/Ϫ mice and analyzed by single-cell morphometry. After a sham operation, mean cardiomyocyte diameter and length were not significantly different between WT and MLP ϩ/Ϫ mice (Fig.  3A) . After MI in WT mice, myocytes in the remote LV developed significant increases in cell diameter and length (Fig. 3A) . Cardiomyocyte hypertrophy in WT mice was associated with marked alterations in gene expression levels (up-regulation of atrial natriuretic peptide, BNP, and skeletal ␣-actin; downregulation of ␣-MHC and sarco(endo)plasmic reticulum Ca 2ϩ ATPase-2) (Fig. 3B) . Myocytes isolated from the remote LV of MLP ϩ/Ϫ mice displayed a distinct hypertrophic response with more pronounced cell elongation but no significant increases in cell diameter (Fig. 3A) ; there was no significant induction of BNP and skeletal ␣-actin after MI in MLP ϩ/Ϫ mice (Fig. 3B ). These data indicate that certain features of the hypertrophic response after MI (i.e., transverse cardiomyocyte growth, induc- tion of specific embryonic genes) critically depend on sufficient MLP expression levels.
Impaired Calcineurin-NFAT Signaling After MI in MLP ؉/؊ Mice. To characterize the effector pathways downstream from MLP, we determined the phosphorylation status of ERK1͞2 and Akt1, both of which have been implicated in stress-induced cardiomyocyte growth and gene expression (25) . Phosphorylation (activation) of ERK1͞2 and Akt1 was similarly enhanced in the remote LV in WT and MLP ϩ/Ϫ mice (Fig. 4 A-D ). To assess the activation level of the calcineurin-NFAT pathway, we determined the mRNA abundance of the exon 4 variant of the muscle cell-enriched gene MCIP1, which is controlled by an intragenic cluster of NFAT consensus binding sites (26) . MCIP1 expression levels were significantly increased in the remote LV in WT mice; by contrast, there was no significant induction of MCIP1 after MI in MLP ϩ/Ϫ mice (Fig. 4 E and F) . To obtain a more direct assessment of NFAT transcriptional activity, MLP ϩ/Ϫ mice were crossed with NFAT-Luc-tg mice. NFAT-luciferase activities were not significantly different in cardiomyocytes isolated from sham-operated MLP ϩ/ϩ ͞NFAT-Luc-tg and MLP ϩ/Ϫ ͞NFAT-Luc-tg mice (Fig. 4G) . After MI, NFAT-luciferase activity markedly increased in MLP ϩ/ϩ ͞NFAT-Luc-tg mice but not in MLP ϩ/Ϫ ͞NFAT-Luc-tg mice (Fig. 4G) . LV calcineurin A protein expression levels were not significantly different in shamoperated WT and MLP ϩ/Ϫ mice (Fig. 4 H and I ). After MI, calcineurin A expression increased in the remote LV in WT but not significantly in MLP ϩ/Ϫ mice (Fig. 4 H and I) . mice after MI suggested that sufficient MLP levels are required for calcineurin-NFAT activation. To further test this concept, MLP protein expression was down-regulated by Ϸ50% in cultured cardiomyocytes by a specific antisense oligonucleotide (AS4) (10) . Transfection with AS4 prevented the increases in NFAT transcriptional activity induced by endothelin-1 or mechanical stretch (Fig. 5) , indicating that calcineurin-NFAT activation in response to external stress depends on MLP.
MLP Is Required for Calcineurin Localization to the Z-Disk. Coimmunostaining of LV tissue sections from WT mice with anti-MLP and anti-calcineurin antibodies followed by confocal laser microscopy confirmed previous reports (14, 27 ) that MLP and calcineurin are colocalized at the cardiac Z-disk (Fig. 6A) . Notably, MLP and calcineurin could be coimmunoprecipitated from LV tissue lysates of WT mice (Fig. 6B) , implying that MLP and calcineurin interact, either directly or via linker protein(s).
To test whether MLP is required for calcineurin anchorage to the Z-disk, calcineurin localization was assessed in WT and MLP ϩ/Ϫ mice. Intriguingly, the striated expression pattern of calcineurin in WT mice was lost in MLP ϩ/Ϫ mice (Fig. 6C) . Calcineurin dropout from the Z-disk was observed in nonoperated (Fig. 6C ) and infarcted (data not shown) MLP ϩ/Ϫ mice. Because calsarcin-1 is a binding partner of calcineurin at the Z-disk, we also analyzed calsarcin-1 localization in WT and MLP ϩ/Ϫ hearts. Much like calcineurin, calsarcin-1 was largely dislocated from the Z-disk in MLP ϩ/Ϫ mice (Fig. 6C) . Immunostaining of adjacent cryosections with an anti-␣-actinin antibody revealed prominent striations in WT and MLP ϩ/Ϫ mice, thereby excluding gross Z-disk abnormalities in MLP ϩ/Ϫ mice (Fig. 6C) . No staining was detected when the primary anti-MLP, anti-calcineurin, anticalsarcin-1, or anti-␣-actinin antibodies were omitted (data not shown).
Discussion
The sarcomeric Z-disk functions as a physical anchor for myofilament and cytoskeletal proteins and a pivot for reception and transduction of mechanical and biochemical stress signals (8) . Mutations in Z-disk proteins that may affect both the structural integrity of the Z-disk and͞or the transmission of intracellular signals may cause dilated cardiomyopathy in mice and patients (15, 28, 29) . Although it has been reported that myocardial MLP levels are reduced by Ϸ50% in patients with heart failure after MI (11) , the role of MLP in post-MI cardiac remodeling has remained uncertain. Using MLP ϩ/Ϫ mice, the present study demonstrates that sufficient expression levels of MLP are critically required to limit adverse cardiac remodeling (LV dilatation and systolic dysfunction) and improve survival after MI.
At the level of the single cardiomyocyte, adverse post-MI remodeling in MLP ϩ/Ϫ mice was associated with a distinct hypertrophic response, characterized by pronounced cell elongation and lack of significant cell thickening. The striking differences in cardiomyocyte shape between WT and MLP ϩ/Ϫ mice after MI may represent the cellular basis of enhanced LV dilatation in MLP ϩ/Ϫ mice, because inadequate cardiomyocyte thickening in combination with disproportionate cell lengthening has been associated with LV dilatation after MI (5, 6) . Although MLP has been proposed to act as a mechanical stress sensor in cardiomyocytes, the downstream signaling cascades activated by MLP have not been elucidated (8, 9) . Several lines of evidence presented in this study indicate that MLP is coupled to the prohypertrophic calcineurin-NFAT pathway in cardiomyocytes. Blunted induction of calcineurin A protein expression in MLP ϩ/Ϫ mice after MI provided a first clue in this regard, because activated calcineurin has been shown to reinforce its own expression (30, 31) . The observations that the calcineurin-NFAT-regulated gene MCIP1 is not induced and that an NFATluciferase reporter gene is not activated in the remote LV in MLP ϩ/Ϫ mice provided strong support for the conclusion that MLP is linked to the calcineurin-NFAT signaling pathway. Along this line, antisense down-regulation of MLP in cultured cardiomyocytes prevented the transcriptional activation of NFAT by mechanical and biochemical stimulation. ERK1͞2, Akt, glycogen synthase kinase-3␤, and ERK5 (data not shown) were activated to a similar extent in WT and MLP ϩ/Ϫ mice after MI, which argues against a critical role of MLP in the activation of these stress-signaling mediators.
Consistent with previous reports (14, 27) , calcineurin and MLP were coexpressed at the Z-disk in WT mice in our study. In fact, MLP and calcineurin could be coimmunoprecipitated from LV myocardial lysates, suggesting that MLP and calcineurin interact, either directly or via linker protein(s). Compartmentalization of calcineurin at the Z-disk is essential for coordinated dephosphorylation of NFAT transcription factors, which also are localized at the Z-disk (13, 32) . Strikingly, calcineurin was dislocated from the Z-disk in MLP ϩ/Ϫ mice (and in MLP antisense oligonucleotide-transfected isolated cardiomyocytes, data not shown), indicating that sufficient MLP levels are required for calcineurin anchorage to the Z-disk. Interestingly, the calcineurin-interacting protein calsarcin-1 (14) also dislocated from the Z-disk in MLP ϩ/Ϫ mice, suggesting that MLP is required for stabilization of the calcineurin-calsarcin-1 complex. Although the exact molecular nature of this complex remains to be determined, interaction of MLP and calcineurin at the sarcomeric Z-disk provides a molecular basis for the link between MLP and the calcineurin-NFAT pathway.
Transgenic overexpression of calcineurin in mice promotes increases in cardiomyocyte diameter that culminate in concentric ventricular hypertrophy (33) . Conversely, mice carrying a homozygous deletion of calcineurin display a defect in transverse myocyte growth when exposed to hemodynamic load (34). These observations are consistent with our data that impaired MLPcalcineurin-NFAT signaling is associated with defects in transverse myocyte growth after MI. Along this line, BNP and ␣-skeletal actin, two genes known to be regulated by calcineurin-NFAT in vivo (33, 34) , were induced in WT but not in MLP ϩ/Ϫ mice after MI. Recent studies using pharmacological (cyclosporin A) or transgenic (MCIP1 overexpression) approaches to inhibit calcineurin activity in cardiomyocytes have arrived at divergent conclusions by suggesting that calcineurin may inhibit (35) or promote (36) adverse cardiac remodeling after MI. Interpretation of these studies is problematic, however, because cyclosporin A mediates calcineurin-independent effects, and MCIP has dual effects on calcineurin activity (37) (38) (39) . In a recent study (40) , the F-box adapter protein atrogin-1 was identified as a unique binding partner of calcineurin and ␣-actinin at the Z-disk. In the face of hemodynamic stress, atrogin-1 promotes ubiquitin-dependent degradation of calcineurin, resulting in a reduced hypertrophic response (less cardiomyocyte thickening), enhanced cardiac dilation, and enhanced ventricular dysfunction (40) . These data are very much reminiscent of our findings that impaired MLP-calcineurin signaling at the Z-disk is associated with blunted transverse myocyte growth, more pronounced ventricular dilation, and contractile dysfunction (i.e., adverse remodeling). Based on these considerations, we propose that the impact of MLP on post-MI ventricular hypertrophy and remodeling is mediated via the calcineurin-NFAT signaling pathway (although we do not discount the possibility that additional MLP-dependent pathways may exist). In the future, enhancement of MLP signaling may provide a new therapeutic strategy to inhibit adverse remodeling after MI.
